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ABSTRACT
We measure how the properties of star-forming central galaxies correlate with
large-scale environment, δ, measured on 10 h−1Mpc scales. We use galaxy group cat-
alogs to isolate a robust sample of central galaxies with high purity and completeness.
The galaxy properties we investigate are star formation rate (SFR), exponential disk
scale length Rexp, and Sersic index of the galaxy light profile, nS . We find that, at
all stellar masses, there is an inverse correlation between SFR and δ, meaning that
above-average star forming centrals live in underdense regions. For nS and Rexp, there
is no correlation with δ at M∗ . 10
10.5 M⊙, but at higher masses there are positive
correlations; a weak correlation with Rexp and a strong correlation with nS. These
data are evidence of assembly bias within the star-forming population. The results
for SFR are consistent with a model in which SFR correlates with present-day halo
accretion rate, M˙h. In this model, galaxies are assigned to halos using the abundance
matching ansatz, which maps galaxy stellar mass onto halo mass. At fixed halo mass,
SFR is then assigned to galaxies using the same approach, but M˙h is used to map onto
SFR. The best-fit model requires some scatter in the M˙h-SFR relation. The Rexp and
nS measurements are consistent with a model in which both of these quantities are
correlated with the spin parameter of the halo, λ. Halo spin does not correlate with
δ at low halo masses, but for higher mass halos, high-spin halos live in higher density
environments at fixed Mh. Put together with the earlier installments of this series,
these data demonstrate that quenching processes have limited correlation with halo
formation history, but the growth of active galaxies, as well as other detailed galaxies
properties, are influenced by the details of halo assembly.
Key words: cosmology: observations—galaxies:clustering — galaxies: evolution
1 INTRODUCTION
This is the third installment of a series of papers focused
on possible connections between the properties of present-
day galaxies and the evolutionary histories of the halos in
which those galaxies formed. In each work, we select a sam-
ple of ‘central’ galaxies with which to make our comparisons.
These galaxies live at the center of distinct halos—these
galaxies could also be referred to as ‘field galaxies’—and
have not been subjected to the type of physical processes
that transform galaxies that have been accreted as satel-
lites onto groups and clusters. In Papers I and II, we in-
⋆ Caltech-Carnegie Fellow
vestigated the quenched fraction of central galaxies in the
SDSS, fQ, comparing various measurements of this quan-
tity to models in which halo formation history is correlated
with mean stellar age, known as the age-matching model
(Hearin & Watson 2013; Hearin et al. 2015). This model
predicts that red-and-dead galaxies live in the oldest halos,
while the most active star-formers live in the youngest. In
Paper I, we determined that such models predict a depen-
dence of fQ on large-scale density that is inconsistent with
observations. At fixed mass, halo clustering depends on halo
age, an effect known as assembly bias (Wechsler et al. 2006;
Gao & White 2007). Thus, the age-matching model predicts
that quiescent central galaxies should predominantly live in
dense regions, but will rarely be found in underdense regions.
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The measurements of Paper I shows essentially no correla-
tion between fQ and density at the halo masses where the
age-matching model predicts it to be the strongest.
In Paper II we explored fQ through galactic conformity
(see, e.g., Kauffmann et al. 2013; Hearin et al. 2015), once
again finding that halo formation has a limited, if any, role
in determining whether a galaxy makes the transition from
star-forming to quiescence. In this paper, we narrow our
sample to only looking at central galaxies that are actively
star-forming. Theoretical models of galaxy growth inside ha-
los usually assume some relationship between the properties
of disky, active galaxies, and the dark matter halo that sur-
rounds them. We will test several of these assumptions.
In some respects, the correlation between galaxy growth
and halo growth is undeniable: larger galaxies live in larger
halos. The abundance matching model has been used as
a function of redshift to infer the details of this corre-
lation (Conroy & Wechsler 2009; Behroozi et al. 2013b,a;
Moster et al. 2013). In all of these models, it is assumed
that the baryonic accretion rate onto a halo is proportional
to the dark matter accretion rate of that halo. Abundance
matching tells one how much the galaxy within a given halo
has grown, and with this information one can infer the ef-
ficiency of star formation over that time interval. For two
halos of the same mass today, the halo that grew the most
over that time should have the highest star formation rate.
Halo growth rate is tied to closely tied to assembly bias, thus
this prediction of the abundance matching ansatz creates
testable predictions for the population of central galaxies.
In the canonical picture of galaxy formation in a CDM
universe, the properties of disk galaxies are determined by
the relationship between dark matter and baryons. Accreted
baryons are converted into a disk of cold gas and stars that
has an exponential scale length determined by the angu-
lar momentum of the dark matter halo, which is aligned
and distributed proportionately with the baryonic material
(Dalcanton et al. 1997; Mo et al. 1998). Recent cosmological
hydrodynamic simulations have found that halo spin is cor-
related with the size and morphology of the stellar material,
but with significant scatter (Teklu et al. 2015; Zavala et al.
2016; Rodriguez-Gomez et al. 2017). Several studies have
shown that halo angular momentum (or ‘spin’ for brevity) is
another halo property that influences—or is influenced by—
the clustering of the halos: higher spin halos live in more
dense regions (Gao & White 2007; Bett et al. 2007), giving
us the opportunity to test this theory observationally.
Cosmological hydrodynamic simulations demonstrate
that merger activity is strongly correlated with the buildup
of a central bulge (see, e.g., Brooks & Christensen 2016 and
citations therein). The merger rate of dark matter halos de-
pends on large scale density such that more mergers occur in
higher density environments. This dependence is not partic-
ularly strong—the merger rate increases by a factor of ∼ 2
over roughly a factor of 10 in ρ (Fakhouri & Ma 2009). But
bulgeless, disk-dominated galaxies in the local universe have
most likely experienced the lowest amount of merging in the
galaxy population. If so, they should reside in the lowest
densities within which such galaxies can be found, making
it possible to detect this effect.
The key to all of these supposedly observable trends,
as always, is having an unbiased sample of central galaxies.
Galaxies that orbit within larger halos as satellites have been
subject to a set of physical processes that are distinct from
those than can act on central galaxies in the field. As in
Papers I and II, we will use group catalogs to identify central
galaxies within the full SDSS DR7. The tight correlation
between stellar mass and halo mass implies that we can use
stellar mass as a reasonable proxy for halo mass. Thus, a
pure and complete set of central galaxies at fixed stellar
mass is an effective way to examine a set of halos at fixed
dark matter mass. In this context, the search for assembly
bias is much cleaner and more straightforward.
Throughout, we define a galaxy group as any set of
galaxies that occupy a common dark matter halo, and we
define a halo as having a mean interior density 200 times
the background matter density. For all distance calculations
and group catalogs we assume a flat, ΛCDM cosmology
of (Ωm, σ8,Ωb, ns, h0) = (0.27, 0.82, 0.045, 0.95, 0.7). Stellar
masses are in units of M⊙.
2 DATA, MEASUREMENTS, AND METHODS
2.1 NYU Value-Added Galaxy Catalog and
Group Catalog
As in Papers I and II, we use the NYU Value-Added Galaxy
Catalog (VAGC; Blanton et al. 2005) based on the spectro-
scopic sample in Data Release 7 (DR7) of the Sloan Digital
Sky Survey (SDSS; Abazajian et al. 2009). We use stellar
masses from the kcorrect code of Blanton & Roweis (2007),
which assumes a Chabrier (2003) initial mass function. Es-
timates of the specific star formation rates (sSFR) of the
VAGC galaxies are taken from the MPA-JHU spectral re-
ductions1 (Brinchmann et al. 2004).
The group catalogs are created from volume-limited
stellar mass samples. Details of the group finding process
can be found in Tinker et al. (2011) and further tested in
Campbell et al. (2015). In brief, the group finding algorithm
used here is based on that of Yang et al. (2005), in which
the full galaxy population can be decomposed into two dis-
tinct populations: central galaxies, that exist at the center
of a distinct dark matter halo, and satellite galaxies, that
orbit within a larger dark matter halo. Each galaxy in the
sample is given a probability of being a satellite galaxy, Psat.
In our fiducial sample, galaxies with Psat > 0.5 are classified
as satellites, while galaxies with Psat < 0.5 are classified as
centrals.
In this paper we focus exclusively on central galaxies.
Impurities and incompleteness are inevitable consequences
of any group-finding process. Using our group finer, the pu-
rity of the full sample of central galaxies is around 90%, with
a completeness of ∼ 95%. However, the purity of the sample
of central galaxies has a strong correlation with Psat. The
vast majority of central galaxies have Psat < 0.01, with many
being exactly 0. Most incorrectly classified central galaxies—
i.e., true satellite galaxies that are labeled as centrals by the
algorithm—have Psat in the range 0.01 < Psat < 0.5. Thus,
we can create a ‘pure’ sample of central galaxies by reduc-
ing the Psat threshold to Psat < 0.01. This excludes roughly
∼ 15% of classified centrals but reduces the impurity to
∼ 1%. Our fiducial results in this paper will use samples of
1 http://www.mpa-garching.mpg.de/SDSS/DR7/
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Figure 1. Left Panel: The distribution of specific star formation rates (sSFR) for central galaxies with logM∗ = 9.7. The red curve
is a lognormal fit to the data at the mode and right-hand side of the distribution. We assume that the star-forming main sequence is
a symmetric distribution about the mean, implying that the galaxies in excess of the lognormal at low sSFR values are ‘transitional’
galaxies in the green valley. Right Panel: Same as the left, but now for galaxies with logM∗ = 10.3
pure central galaxies in order to avoid any bias from includ-
ing true satellite galaxies in the sample. In Appendix B we
demonstrate that our fiducial results are largely unaffected
by this choice.
In addition to focusing on central galaxies, we specif-
ically want to investigate the properties of galaxies on the
star-forming main sequence (SFMS). The SFMS is charac-
terized by a power-law dependence of star-formation rate
(SFR) and M∗, with a lognormal scatter of roughly 0.3 dex
around the mean logSFR (Noeske et al. 2007). Dividing a
sample of galaxies into star forming and quiescent usually
involves splitting a bimodal distribution at the minimum
between the two modes of the galaxy distribution. However,
there are galaxies that are on either side of that division
that are not canonical star forming or quiescent objects, but
rather in the process of migrating from the former to the lat-
ter. We call these transitioning galaxies. The relative height
of this ‘green valley’ to the peaks contains information about
the quenching timescale of galaxies. Using this information,
Wetzel et al. (2013) and Hahn et al. (2017) find that satel-
lite galaxies and central galaxies typically spend ∼ 2 and
∼ 4 Gyr in this migration, respectively.
Identifying which galaxies are transitioning and which
are merely below-average star-formers is not possible with
the dataset we use here. We thus require a procedure to sta-
tistically account for the fact that some fraction of the popu-
lation is not on the canonical SFMS. Figure 1 shows the dis-
tribution of specific star formation rate (sSFR≡ SFR/M∗)
for low and high-mass central galaxies. The red curves show
a lognormal fit to the distribution, but only using the data
rightward of the mode of the distribution. We make the as-
sumption that the true SFMS is a symmetric lognormal dis-
tribution. The area of the histogram above the red curve
shows the fraction of galaxies that are assumed to be transi-
tioning. Galaxies in this range of sSFR are weighted by the
ratio of the red curve to the total histogram. This procedure
has two benefits: (1) the sample of galaxies has a true log-
normal distribution of sSFR, thus making it straightforward
to create theoretical models that connect halo accretion rate
to galaxy SFR (which we will discuss in §2.3. (2) If transi-
tioning galaxies occupy any special environment, this will
not impact our results. However, we show in Appendix B
that, in fact, using all galaxies does not change our results.
In addition to SFR, we utilize two other properties of
central galaxies in SDSS; their exponential scale lengths,
Rexp, and the Sersic indices of their light profiles, nS .
We obtain the values of Rexp from the NYU-VAGC. For
nS , we use updated values from the NASA-Sloan Atlas
(NSA2 The value of Rexp is the value of the exponential
scale length in a pure exponential model fit to the galaxy
magnitude profile. The value of nS is determine by fitting
the magnitude profile to a Sersic function with the form
I(r) = A exp
[
−(r/r0)1/nS
]
. For a purely exponential disk,
nS = 1, while for a purely de Vaucouleurs profile nS = 4.
In Blanton et al. (2005), galaxies with blue g − r colors ex-
hibit nS values in the range 0.5-2.5. Since our sample of
central galaxies all lie on the SFMS, the vast majority will
have some disk component. The use of nS is a proxy for how
bulge-dominated the galaxy is.
2.2 Measuring Large-scale Environment
For each galaxy, we estimate the large-scale environment
by counting the number of neighboring galaxies within a
sphere of radius 10 h−1 Mpc centered on each galaxy. This
is the same definition of environment used in Paper I. In
each volume-limited sample, we use the full galaxy sample
down to the absolute r-band magnitude limit to calculate
2 The NSA is made publicly available by M. R. Blanton at
http://www.nsatlas.org. We use here the version of the NSA
updated for target selection of the MANGA Survey (Bundy et al.
2015), which extends to upper redshift limit to z = 0.15, which
includes all galaxies in our group catalogs.
c© 2016 RAS, MNRAS 000, 1–13
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Figure 2. The correlation between large-scale density, δgal, and properties of star-forming galaxies. From bottom to top, the galaxy
properties in each row are Rexp, the scale length of the exponential fit to the galaxy light profile, nS , the best-fit sersic index of the
galaxy light profile, and sSFR, the specific star formation rate. The columns represent different galaxy stellar masses, from low to high,
as indicated in the panels.
galaxy density. We use this sample, rather than the stellar
mass volume-limited sample, simply because the magnitude-
limited sample has more galaxies and thus reduces shot noise
in the measurement. The effect of peculiar velocities is small,
and the 10 h−1 Mpc scale is a clear distinction from the
density on the scale of the halo virial radius. We use the
mangle softward of Swanson et al. (2008) to characterize the
SDSS survey geometry and create random samples.
Rather than use the absolute number of galaxies around
each object, we use the density relative to the mean density
around each galaxy in a given sample,
δgal = ρgal/〈ρgal〉 − 1, (1)
where ρgal is the density in galaxies around each object and
〈ρgal〉 is the mean density around all galaxies, as opposed
the mean density of galaxies. Thus, positive and negative
values of δgal indicate galaxies that live in higher or lower
densities relative to the mean for that type of galaxy.
The purpose of this paper is to quantify any correla-
c© 2016 RAS, MNRAS 000, 1–13
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Figure 3. Comparison between measurements and models for the correlation between sSFR and δgal for central galaxies. The points
with errorbars are the same as those presented in Figure 2. The curves are the results from halo abundance matching models. The dotted
line is a model in which there is no scatter between M˙h and sSFR. This model yields results that agree with the general trends of the
data, but the slope of the correlation between sSFR and δgal is notably steeper. The solid curve is a model which incorporates 0.25 dex
of scatter in log sSFR at fixed M˙h. This value of scatter yields the best χ
2. The shaded region is the uncertainty in the model through
jackknife sampling of the simulation volume.
tions between the properties of star forming central galaxies
and their large-scale environments. The scatter of star for-
mation rates for galaxies on the SFMS is high, and thus
weak correlations with δgal can be easily obscured by noise
and limited statistics. To boost the signal-to-noise of the
measurement, we measure the mean environment as a func-
tion of galaxy property, rather than the traditional method
of binning galaxies by δgal and calculating the mean of the
galaxy property within that bin. This method was used by
Hogg et al. (2003) to quantify the relationship between en-
vironment and galaxy luminosities and colors.
2.3 Numerical Simulations and Theoretical
Models
As in Papers I and II, we will compare the results from
the group catalog to expectations from dark matter ha-
los. Here we utilize two simulations. Most of our theoret-
ical predictions use the ‘Chinchilla’ simulation, also used in
the previous installments. The box size is 400 h−1Mpc per
side, evolving a density field resolved with 20483 particles,
yielding a mass resolution of 5.91 × 108 h−1 M⊙. The cos-
mology of the simulation is flat ΛCDM, with Ωm = 0.286,
σ8 = 0.82, h = 0.7, and ns = 0.96. Halos are found in
the simulation using the Rockstar code of Behroozi et al.
(2013) and Consistent Trees (Behroozi et al. 2013) is used
to track halo growth. Halo masses are defined as spherical
overdensity masses according to their virial overdensity. The
second simulation is smaller but with higher mass resolu-
tion. This simulation was performed using the TPM code of
White (2002), and first presented in Wetzel & White (2010).
This simulation has a box size of 250 h−1 Mpc per side with
20483 particles, yielding a mass resolution 4 times higher
than Chinchilla. Halo finding uses the friends-of-friends al-
gorithm with a linking length of 0.18. This simulation will
be used to track merger histories of mock galaxies, as we
will discuss in the next subsection.
The compare simulation results to galaxy results binned
as a function of environment, we measure the density around
each halo in the simulation in the same manner as for the
galaxies. Using the halo occupation distribution (HOD) fit-
ting results of Zehavi et al. (2011) from the SDSS Main
galaxy sample, we populate the simulation with galaxies
that match the density and clustering of each of our volume-
limited samples. Using the distant-observer approximation
and the z-axis of the box as the line-of-sight, the top-hat
redshift-space galaxy densities are measured around each
halo.
We use the relation between central-M∗ and Mh shown
in Paper I (Figure 3 in that paper) to select halos to com-
pare to measurements at fixed central M∗. This manner of
selecting halos does not include any scatter in the stellar
mass-to-halo mass relation, but in tests we have found that
including scatter does not change our results3. To test the
hypothesis that halo assembly bias is imprinted onto the
properties of the galaxies, it is necessary to make theoretical
models that map halo properties onto galaxies properties at
fixed Mh. For comparisons to our three observable galaxy
properties—SFR, Rexp, and nS—we map these properties
onto three different properties of dark matter halos.
• Halo growth from z = 0.1 to z = 0, which we will refer
3 To perform this test, we assign galaxies to dark matter halos
using the mean SHMR, then shift the galaxy masses randomly
using a Gaussian deviate with a width of 0.18 dex in logM∗.
Then halos are selected by their stellar mass rather than Mh,
to compare to observations. The correlations explored in these
models—for example, the correlation between M˙h and δgal—vary
weakly with halo mass. Thus, the introduction of scatter between
halo mass and stellar mass does not impact the results.
c© 2016 RAS, MNRAS 000, 1–13
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Figure 4. Comparison between measurements and models for the correlation between nS and δgal for central galaxies. The points with
errorbars are the same as those presented in Figure 2. The curves are the results from halo abundance matching models. First, central
galaxy stellar mass is mapped onto halo mass using the empirical relation from the group catalog. In each bin in halo mass, halo merger
activity is mapped onto nS using the same procedure in Figure 3 for SFR (see text for details on how ‘merger activity’ is defined and
calculated). We assume a lognormal distribution of nS values with a dispersion that increases from 0.13 dex to 0.18 dex across the three
galaxy mass bins. The solid curves represent the results from dark matter halos assuming no scatter in the relation between fmerge and
Rexp. Because there is no clear correlation in the theoretical model, we do not include additional models that incorporate scatter in this
relation.
to as M˙h. We use this halo property to assign SFR values
to halos at fixed halo mass.
• Halo angular momentum, parameterized through the di-
mensionless spin parameter λ, as defined by Bullock et al.
(2001). We use this halo property to assign values of Rexp
to halos at fixed mass.
• Galaxy merger history. We use the fractional amount of
stellar mass in a mock galaxy accreted from galaxy mergers
to map values of nS onto mock galaxies. We define this
quantity as fmerge.
To a reasonable approximation, the baryonic accretion
rate onto a dark matter halo is simply fb × M˙h, where
fb is the universal baryon fraction and M˙h is the dark
matter accretion rate onto the halo (Behroozi et al. 2013b;
Moster et al. 2013). For low mass halos, which shock heating
is not efficient, gas will be accreted ‘cold’ sink to the cen-
ter of the halo in a dynamical time (Keresˇ et al. 2005, 2009;
Dekel & Birnboim 2006). Once at the halo center, the gas
should accrete onto the central galaxy and supplement the
gas reservoir from which stas are created. For higher mass
halos, where gas is no longer accreted cold, the situation is
more complex but the overall baryonic accretion rate will
still follow the dark matter accretion rate.
Using this relation between baryonic accretion rate and
M˙h, we can use the abundance matching ansatz to make
theoretical models in wich central galaxy sSFR is correlated
with the growth of the dark matter halo. In the simplest of
such models, we assume no scatter between sSFR and M˙h.
In such a model, at fixed halo mass (and thus M∗), the halo
with the highest growth rate contains the galaxy with the
highest sSFR, and on down the rank-ordered list. This is
analogous to the age-matching model of Hearin & Watson
(2013), only for sSFR rather than galaxy color. Although
some fraction of galaxies at any M∗ are quiescent, in our
model, all halos are available to contain star-forming cen-
tral galaxies. This means that star-forming halos are not a
‘special subset’ of host halos. Halos with quiescent central
galaxies represent a random subset of host halos. This is
backed up by the results of Papers I and II, in which the
fraction of quiescent central galaxies in independent of en-
vironment.
Incorporating scatter in the M˙h-SFR relation is rela-
tively straightforward given that we assume a lognormal dis-
tribution in SFR. See Appendix A.
The theoretical models for assigning values of Rexp to
halos follows in analogous fashion. We assume a lognormal
distribution of Rexp values with a scatter of 0.2 dex inde-
pendent of M∗. In a given bin of logMh, halos are ranked
according to their angular momentum, expressed through
the dimensionless spin parameter λ (Bullock et al. 2001),
which expresses the ratio between the halo angular momen-
tum and the angular momentum if the matter was all in
circular orbits. The quantity is calculated during the halo
finding process by the Rockstar algorithm.
Our procedure for constructing abundance-matching
models for nS follows the same outline. We assume a lognor-
mal distribution of nS . The scatter in nS increases from low
to highM∗, however. Over the three bins in logM∗, the scat-
ter in log nS is 0.13, 0.155, and 0.18 dex. To calculate fmerge,
we first identify all z = 0 distinct halos (i.e., halos that house
central galaxies). With this list, we follow the evolution of
these halos forward in time starting at z = 1, when the typ-
ical mass of a Milky Way sized galaxy is only ∼ 20% of its
present-day value. Stellar masses are assigned to each halo
at each redshift independently, using abundance matching
and the stellar mass functions measured by at each redshift
range (see Hahn et al. 2017 for details of this model).
c© 2016 RAS, MNRAS 000, 1–13
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As smaller halos are accreted onto larger halos, merg-
ers take place when a satellite is no longer identifiable as
its own halo. Wetzel & White (2010) determined that satel-
lite disruption occurs when a subhalo is stripped of 97 to
99% of its mass. This criterion, combined with abundance
matching, gives results consistent with observations of spa-
tial clustering and the fraction of galaxies that are satellites.
For low-mass galaxies that live in 1011.2 M⊙ halos, our pro-
cedure may overestimate the number of minor mergers that
occur because we are unable to track all halos below 1011
M⊙ down to 1% of their mass at the time of accretion, but
given the slope of the stellar-to-halo mass relation, the overal
contribution of these galaxies to the z = 0 stellar mass of a
galaxy is likely to be small.
As the evolution of each halo is followed, the total stellar
mass of satellite galaxies that have merged with the parent
galaxy is summed up. We define fmerge as the ratio between
this mass and the z = 0 stellar mass within the halo, as
defined by abundance matching once again.
3 RESULTS
3.1 Do the Properties of Star-Forming Central
Galaxies Depend on Large-Scale
Environment?
According to Figure 2, the answer depends on the prop-
erty in question. As detailed in §2, all results in this sec-
tion are restricted to pure central galaxies that lie on the
SFMS. Each row shows results for a different galaxy prop-
erty. The bottom row shows results when binning galaxies by
Rexp, the scale radius of the exponential fit to each galaxy’s
light profile. The middle row shows results for nS, the best-
fit Sersic index to the galaxy light profile. The top row
shows results when binning galaxies by sSFR. The columns
show bins in stellar mass. From left to right, the bins are
logM∗ = [9.7, 10.0], [10.1, 10.5], [10.7, 10.9]. Wide bins are
necessary to increase the statistical power of the samples. In
each panel, the x-axis is the galaxy property relative to the
mean. Due to the width of the bin, the mean of a galaxy
property can evolve significantly from the low-mass end of
the bin to the high-mass end. To prevent biases from this
evolution, the mean galaxy property is first calculated in
0.1-dex sub-bins of logM∗, and the each galaxy’s properties
are with respect to the mean in the sub-bin. Errors represent
statistical errors in the mean.
The top row shows results when binning galaxies by
sSFR. In each panel, there is a clear correlation between
sSFR/〈sSFR〉 and δgal such that galaxies that are stronger
than average star-formers live in lower densities, while
below-average star-formers live in higher densities. The slope
of this correlation is monotonically shallower with higher
M∗, but in each panel there is a statically significant cor-
relation: using a χ2 statistic to test the consistency of each
panel’s result with a straight line yields χ2 values of 23.6,
31.6, and 22.3 for each panel from left to right, respectively,
for 10 data points in each panel. The error bars are smaller
for higher M∗ bins due to the increased volume available for
higher-mass samples. We will discuss this correlation in the
context of dark matter halo growth in the following subsec-
tion.
The middle row shows results when binning galaxies
by nS . There is no clear correlation between nS and δgal
forM∗ . 10
10.5 M⊙, but at high masses a statistically sig-
nificant correlation exists. In the far-right panel, galaxies
with higher nS—i.e., galaxies with more elliptical and less
disky morphology—live in slightly higher than average den-
sity environments. Galaxies that are more disk-dominated,
however, live in significantly lower densities than average.
The χ2 test described above yields values of 16.8, 21.0, and
37.9 for the panels from left to right, respectively. The χ2
of 21.0 for the middle panel is mostly driven by the datum
at nS/〈nS〉 = 0.6, without which the χ2 is 8.0. The large
χ2 for the high mass bin is distributed more evenly in the
data. Removing the far left datum, which has δgal = −0.22,
reduces the χ2 to 32.
The bottom panel shows results for Rexp. In all panels,
there is no clear dependence of δgal on Rexp/〈Rexp〉. The χ2
test yields values, from left to right, of 6.8, 11.7, and 10.7.
There is a slight positive slope in the high-mass bin. A line
with a slope of 0.05 yields a ∆χ2 = 4.3 with respect to a
straight line, but a straight line fit is statistically reasonable
given 10 data points. We will discuss these results in the con-
text of halo angular momentum in subsequent subsections.
3.2 Does Halo Growth Rate Correlate with
Galaxy Growth Rate?
Using the method described in §2.3, we match halo growth
rate to galaxy sSFR. In this scenario, the fastest growing ha-
los have the highest star formation rates, while the slowest
growing halos (or negatively-growing halos) have the low-
est sSFR values. Because there is a correlation between halo
growth rate and halo environment, this will impart a strong
correlation between sSFR and δgal in the. It is important to
note the results of Papers I and II, which imply that quench-
ing is a stochastic process with respect to halo growth rate,
especially for halos with Mh . 10
12.5. Thus, star-forming
halos are likely not a ‘special subset’ of dark matter halos,
and we can draw from the full population of halos to make
predictions.
Figure 3 compares two theoretical models to the data
presented in the top row of Figure 2. The dotted curves show
one model in which M˙h is mapped onto log sSFR assuming
no scatter between the two quantities. The solid curves are
the results of a model in which the scatter between these
two quantities is 0.25 dex. Both models yield results that are
qualitatively in good agreement with the data: the models
predict and inverse correlation between star formation rate
and δgal, with a slope that monotonically decreases with
increases M∗. The slope of the correlation predicted in the
no-scatter model is too steep relative to the data, especially
for the slowest-growing halos. The model that incorporates
scatter, however, is in excellent agreement with the data.
The value of 0.25 dex was obtained by finding the scatter
that yielded the lowest χ2 when comparing the model to the
data, with a value of 28 for 30 data points. This model yields
a ∆χ2 of 21 with respect to a model with no correlation (but
has the same errors as the simulation). A scatter of 0.25 dex
in log sSFR is approaching the overall scatter of in the SFMS
of 0.28 dex, but even with this amount of scatter at fixed
M˙h, the model still creates a significant correlation between
c© 2016 RAS, MNRAS 000, 1–13
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Figure 5. Same as Figure 4, but now the curves show a theoretical model in which halo spin parameter λ is mapped onto nS . There is
no scatter between the two in this comparison.
Figure 6. Comparison between measurements and models for the correlation between Rexp and δgal for central galaxies. The points
with errorbars are the same as those presented in Figure 2. The curves are the results from halo abundance matching models. First,
central galaxy stellar mass is mapped onto halo mass using the empirical relation from the group catalog. In each bin in halo mass, halo
angular momentum is mapped onto Rexp using the same procedure in Figure 3 for SFR. We assume a lognormal distribution of Rexp
values with a dispersion in logRexp of 0.2 dex. The dotted curves represent the results from dark matter halos assuming no scatter in
the relation between λ and Rexp. The solid curve assumes a scatter in logRexp at fixed λ of 0.17 dex. The assembly bias of halo angular
momentum does not become significant in this relation until Mh & 10
12 M⊙. The model with no scatter produces too steep a slope to
be consistent with the data, but the model with 0.17 dex of scatter is a better fit than no relation at all, yielding a ∆χ2 of 3.2 with
respect to a straight line.
sSFR and δgal. These values imply a correlation coefficient
of r = 0.63 between M˙h and log sSFR.
3.3 Does merger activity correlate with galaxy
light profile?
Figure 4 shows the nS-δgal relation first presented in Figure
2, but now with a comparison to the model in which fmerge
is abundance matched onto nS at fixed Mh. Error bars are
calculated by jackknife sampling of the simulation volume
into 8 sub-volumes. The slightly larger error bars in this
comparison, relative to those seen in Figure 3 and what we
will see in Figure 6 are due to the smaller box size of this
simulation.
In all three panels, the model shows no evidence of a
correlation between fmerge and δgal, and thus yields no cor-
relation between nS and δgal. In our fiducial model, we incor-
porate 0.2 dex of scatter in logM∗ at fixed logMh. This value
is consistent with recent measurements (e.g., Reddick et al.
2013; Zu & Mandelbaum 2015; Tinker et al. 2017). Physi-
c© 2016 RAS, MNRAS 000, 1–13
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cally, the amount of merging a galaxy has over its lifetime
may contribute to this scatter, but this is not reflected in our
fiducial implementation. Thus, we have run an additional
model in which there is no scatter at z = 0. The results are
unchanged, verifying that our fiducial model is not affected
by uncorrelated scatter.
The parameter nS need not be correlated only to fmerge,
but it is difficult to find another halo parameter that could
match the signal measured in Figure 4. This is due to the
fact that assembly bias created by most halo parameters is
maximal at low halo masses—Mh . 10
11 M⊙. These pa-
rameters include cvir, z1/2, or short-term halo growth, M˙h.
However, halo spin parameter λ yields a rather different as-
sembly bias signal than these other parameters (see, e.g,
Gao & White 2007). For λ, the assembly bias signal actu-
ally gets larger with higher halo mass, and goes away com-
pletely at Mh . 10
12 M⊙. Figure 5 shows the comparison
between measurements and an abundance matching model
which maps λ onto nS , with no scatter, at fixed Mh. This
comparison is quite favorable, matching the slope of the ob-
served correlation at M∗ ∼ 1010.8 and showing little-to-no
correlation in the lower mass bins. For comparison, in the
right-hand panel, we also show a model with 0.16 dex of
scatter between log nS and log λ. The slope of the corre-
lation is notably shallower, although it is difficult to dis-
tinguish between them given the noise in the data. For-
mally, when combining the jackknife errors from the sim-
ulation to the errors in the SDSS centrals, the minimum χ2
is achieved with a scatter of 0.11 dex, with a ∆χ2 < 1 range
of 0.08 6 σ(log nS| log λ) 6 0.14. These χ2 values add the
errors in the model and the errors in the data in quadrature.
3.4 Does Halo Angular Momentum Correlate
with Galaxy Disk Size?
As already shown in the previous subsection, the assembly
bias signal created by halo spin has minimal amplitude at
Mh . 10
12 M⊙, but becomes measurable for galaxies that
live in higher mass halos. For nS , there is a clear correlation
with environment at M∗ ∼ 1010.8 M⊙, and this correlation
is consistent with a model in which nS is strongly correlated
with λ. For Rexp, the observational situation is less clear. In
our high-mass galaxy bin, there is a measurable slope in the
Rexp-δgal data, but the statistical significance is low, given
that a straight-lin fit yields a χ2 of 10.7 for 10 data points.
Figure 6 compares these data to an abundance matching
model that maps λ onto Rexp at fixed Mh. As described
above, this model assumes a lognormal distribution of Rexp
with a scatter of 0.2 dex. As expected from Figure 5, the
assembly bias signal of this model is minimal in the first
two stellar mass bins. But in the highest M∗ bin, the model
yields a measurable signal. The dotted curves in Figure 6
show the model with no scatter between λ and Rexp. The
correlated between Rexp and δgal created in this model is
stronger than that seen in the data. The solid curves show
a model with 0.17 dex in scatter in logRexp at fixed λ. This
model yields a slightly better fit to the data than a model
with no correlation. To put the comparison on equal footing,
we use the errors in the model to calculate a new χ2 for the
no-correlation model. This reduces the χ2 from 10.7 to 3.9
for this model. The model with 0.17 of scatter in the relation
yields a χ2 of 1.4.
4 DISCUSSION
Papers I and II of this series demonstrated that large-scale
environment—and, by extension, halo growth history—
plays a limited impact on whether a central galaxy is
quenched. In this paper we have restricted our analysis to
central galaxies that lie on the star-forming sequence, allow-
ing us to examine properties that are unique to such galax-
ies; the star-formation rates, disk sizes, and light profiles. As
with Paper I and II, previous investigations have focused on
how assembly bias might impact either galaxy bimodality
(see, e.g., Lacerna et al. 2014; Lin et al. 2016) or the full
galaxy population (e.g., Tinker et al. 2008; Zentner et al.
2016). This is the first study to look at secondary properties
within the set of star-forming galaxies.
4.1 Assembly bias and star formation rates
Our results indicate that, at fixed stellar mass, central
galaxies on the SFMS have higher star formation rates in
lower density environments. These data are consistent with
a model in which sSFR is correlated with near-term halo
growth rate. This is a detection of assembly bias within this
class of galaxies. It demonstrates consistency between the as-
sumptions of the abundance matching model—namely, that
galaxy growth should be correlated with halo growth—and
the properties of observed star-forming galaxies.
Extrapolated to high redshift, this result implies that
the total stellar mass of the galaxy is related to the for-
mation history of its host halo. Using redshift-dependent
abundance matching, Behroozi et al. (2013b) calculated the
efficiency of converting accreted baryons into stars as a func-
tion of both time and halo mass. For halos less massive than
1012 M⊙ at z = 0, this efficiency is lower at higher redshift
than it is today. Thus, halos that form early accrete most of
their baryons when this conversion efficiency is low, and will
form galaxies that are less massive than late-forming halos
of the same mass that accrete most of their mass at when
efficiencies are higher. Tinker (2017) demonstrated that this
is a source of scatter in the stellar-to-halo mass relation.
This is, however, the opposite of the assembly bias de-
scribed in Lim et al. (2016) and measured in the GAMA
survey by Tojeiro et al. (2016). In Lim et al. (2016), the ra-
tio of M∗/Mh ≡ fc is a proxy for halo formation time, with
halos with higher fc forming earlier. This effect is also seen
in hydrodynamic simulations (Matthee et al. 2017). In these
models, halos that form early accrete significant amounts
of gas early, and this gas therefor has a longer timescale
over which to form stars. These two scenarios make mutu-
ally exclusive predictions for the halos around these galax-
ies. At fixed halo mass, the abundance matching model pre-
dicts that later-forming halos have larger galaxies, while in
the SAMs and hydro simulations, early-forming halos have
larger galaxies. Thus, at fixed central galaxy stellar mass,
abundance matching predicts that halo mass will increase
as you go from sSFR/〈sSFR〉sim−1 to +1. The other mod-
els will predict the opposite trend. Galaxy-galaxy lensing or
satellite kinematics may be able to provide discriminating
information.
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4.2 The role of spin in galaxy formation
The correlation between other SFMS galaxy parameters—
nS and Rexp—is less clear. At galaxy masses M∗ . 10
10.4
M⊙, the data show no correlation between large-scale envi-
ronment and these properties. However, for our high-mass
galaxy bin, logM∗ = [10.6, 10.9], the data show a posi-
tive correlation between both parameters and δgal. For nS ,
the correlation is highly significant, while for Rexp, a model
with no correlation is still a satisfactory description of the
data. These trends in the data are consistent with a model
in which both parameters are positively correlated corre-
lated with halo angular momentum, parameterized by the
the spin, λ. Halo properties that are tightly linked with halo
growth history, z1/2, cvir, and M˙h, show strong assembly bias
at low halo masses, Mh . 10
12 M⊙ at z = 0. This is con-
sistent with how the observed correlation between SFR and
δgal changes with M∗. However, halo spin shows a distinctly
different relationship with large-scale environment at fixed
mass. Bett et al. (2007) show that spin is uncorrelated with
large-scale environment at Mh . 10
12 M⊙, but at higher
halo masses, halos with higher spin exhibit stronger clus-
tering. The only other halo property that shows this trend
of stronger assembly bias at higher halo masses is the to-
tal number of subhalos within the parent halo (Croft et al.
2012; Mao et al. 2017).
The similarity between the assembly bias signals of λ
and amount of substructure suggest that the two are corre-
lated. In traditional tidal torque theory, angular momentum
is imparted on a halo at early times, when structure is still
linear, and is related to the distribution of matter in the
initial density field (see, .e.g, Porciani et al. 2002). Alterna-
tively, Vitvitska et al. (2002) proposed a model for the origin
of halo spin through accretion of substructure. Major merg-
ers spin up halos significantly, while angular momentum is
also accumulated through lower-mass halo mergers.
However, if merging and spin are correlated, and
through this correlation yield the same assembly bias sig-
nal, why does our merger model fail to produce a correla-
tion between fmerge and δgal? Perhaps the smaller simulation
volume, 2503 (Mpc/h)3, limits our ability to make a clear
detection. Or it is possible that our chosen statistic, fmerge,
is not optimal to detect the assembly bias signal. Galaxy
mergers are quite different than halo accretion events, and
given the steepness of the stellar-to-halo mass relation at low
masses, it is possible for a halo to have a number of accre-
tion events without building up much stellar mass through
such events (see, e.g., Maller 2008). Or, as pointed out by
Mao et al. (2017), even though the two properties are cor-
related, it is still possible that the scatter in this correlation
eliminates any assembly bias signal in one of the two prop-
erties.
Rodriguez-Gomez et al. (2017) investigated the correla-
tion between galaxy morphology, spin, and merger activity
in the Illustris simulation. In their results, spin does cor-
relate with morphology, but only for lower-mass galaxies.
Spin may influence galaxy properties at low mass in our
SDSS samples as well, but since λ does not yield and as-
sembly bias in the host halos of these galaxies, there is no
observational signature of such a correlation. The statistic
probed in Rodriguez-Gomez et al. (2017) was the fraction of
total kinetic energy in the galaxy contributed by rotational
motion, which is not possible to measure directly in the full
group catalog.
We also note that the results of Paper I appear sim-
ilar to those of nS and Rexp; at low galaxy masses, there
is no correlation between the quenched fraction of central
galaxies and δgal. However, at higher stellar masses, there
is indeed a small but non-zero slope in the correlation such
that central galaxies in higher density regions are more often
quenched. This is consistent with the assembly bias yielded
from a correlation with halo spin, but the implication would
be that higher spin halos are more likely to be quenched.
At first glance, this result would seem to challenge the tra-
ditional orthodoxy of galaxy formation within dark matter
halos—namely, that high-spin halos would form rotation-
ally supported galaxies. As noted by Vitvitska et al. (2002),
however, if spin is indeed created by mergers, the merger
activity may cause galaxy transformation. The merger sce-
nario for galaxy quenching has come into question, as hy-
drodynamical simulations suggest that, without the pres-
ence of an active post-merger feedback mechanism, star-
formation is likely to be restarted after the merger is com-
plete (Pontzen et al. 2017). But mergers may still temporar-
ily quench galaxies, or the induced quenching may be per-
manent for some small fraction of merger events.
Of course, we cannot rule out the possibility that the
agreement between the halo spin abundance matching mod-
els and the data is simply coincidence. But the results here
indicate that it further investigation of the secondary prop-
erties of passive galaxies—their velocity dispersions, size,
and light profiles—may elucidate the processes that caused
their transformation to the red sequence.
4.3 Emission-Line Galaxy samples as cosmological
probes
The detection of assembly bias in star forming objects may
have implications for the use of such objects as tracers
of the dark matter density field. The emission line galaxy
(ELG) has been situated as the cosmological workhorse for
the next generation of galaxy redshift surveys. Data are al-
ready being taken on a cosmological sample in the eBOSS
program (Dawson et al. 2015; see Raichoor et al. 2017 for
details of the ELG selection). Assembly bias in ELG sam-
ples would alter both their large-scale bias and the shape
of their clustering, relative to a model that assumes that
halo mass is the only property that determines their occu-
pation (Sunayama et al. 2016). This is unlikely to bias mea-
surements of baryon acoustic oscillations, but may have an
impact on efforts to use clustering as a probe of the growth
rate, neutrino masses, and non-Guassianity. Given the high
precision expected from the clustering measurements of ELG
samples, further investigation of the possible impact of the
type of assembly bias measured here is warranted.
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APPENDIX A: ABUNDANCE MATCHING FOR
STAR FORMATION RATE
First, we assume the SFMS is a lognormal. Thus, the cumu-
lative rank irank at any location in the distribution can be
expressed as
irank =
1
2
[
1− erf(x/
√
2)
]
(A1)
where irank is a normalized rank in the range [0, 1] and x is
defined as
x =
SFR− 〈SFR〉
σlogSFR
(A2)
and we assume σlog SFR is 0.3, independent of stellar mass.
For the case of no intrinsic scatter between M˙h and SFR,
the rank-ordered list of halos can be matched to SFR by
inverting equation (A1). To include intrinsic scatter, σint,
we assume that the total scatter in SFMS is 0.3, and the
value used in equation (A2) is
σ2log SFR = 0.3
2 − σ2int. (A3)
Thus, after determining the SFR of each halo based on abun-
dance matching, each halo receives an additional log SFR
drawn from a Gaussian distribution with zero mean and
σ = σint.
APPENDIX B: TESTING DIFFERENT
SAMPLES OF CENTRAL STAR-FORMING
GALAXIES
In Figure 1, we show measurements of the correlation be-
tween SFR and δgal for different samples of star-forming
galaxies. Our fiducial sample contains only star-forming
galaxies likely to be on the SFMS. Thus we randomly re-
move galaxies with low star formation rates in order to pre-
serve the lognormal distribution of SFR. Additionally, our
fiducial sample contains only central galaxies indicated as
‘pure’ centrals by the group catalog. These are centrals with
Psat > 0.99. Removing non-pure centrals only reduces the
overall sample size by ∼ 10%.
In FIgure 1 we compare our fiducial measurements to
those for samples in which we relax the restrictions on the
sample. The blue curve is the fiducial measurement from
Figure 2. The green circles show measurements that include
all central galaxies, not just pure centrals. The red circles
show measurements for all star-forming galaxies down to a
specific SFR of 10−11 yr−1. In both of these tests, the results
are fully consistent with the fiducial measurement.
APPENDIX C: COMPARISON OF SFR
RESULTS TO DIFFERENT HALO PROPERTIES
Figure 2 compares the measurements of the SFR-δgal corre-
lation to abundance matching models that use halo proper-
ties other than M˙h as a proxy for star formation. Here we
replace M˙h with z1/2, the redshift at which the halo reached
half its present-day mass, the concentration parameter cvir,
and the halo spin parameter λ. For the first two halo prop-
erties, there is a correlation between z1/2, cvir and M˙h (see,
e.g., Wechsler et al. 2002). Thus, all of these halo properties
yield similar correlations. We note, however, that the sign
of the correlation is opposite to that of M˙h. In Figure 3,
halos with the highest M˙h had the highest SFR. For cvir
and z1/2, halos with the lowest values of these properties
have the highest star formation rates. Note that there is no
scatter introduced in these comparisons.
As expected from Figure 5 and 6, the assembly bias
signature created by a model that matches λ to SFR does
not compare favorably to the data. Here, again, we assert
an inverse relationship between spin and star formation rate,
with no scatter.
For M˙h, We do find some dependence on the time base-
line over which M˙h is calculated. The maximal assembly
bias signal is found for M˙h calculated over a redshift base-
line of ∆z = 0.8. Smaller values of ∆z correspond to smaller
assembly bias signals. At baselines larger than 0.8, the as-
sembly bias signal is largely unchanged. We have not shown
these results to preserve clarity in the plot, but the results
for ∆z = 0.8 are comparable to those for cvir.
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